The human pathogen Helicobacter pylori is known for its colonization of the upper digestive system, where it escapes the harsh acidic environment by hiding in the mucus layer. One factor promoting this colonization is the helical cell shape of H. pylori. Among shape determining proteins are cytoskeletal elements like the recently discovered bactofilins. Bactofilins constitute a widespread family of polymer-forming bacterial proteins whose biology is still poorly investigated. Here we describe the first biochemical analysis of the bactofilin HP1542 of H. pylori reference strain 26695. Purified HP1542 forms sheet-like 2D crystalline assemblies, which clearly depend on a natively structured C-terminus. Polymerization properties and protein stability were investigated. Additionally, we also could demarcate HP1542 from amyloid proteins that share similarities with the bactofilin DUF domain. By using zonal centrifugation of total H. pylori cell lysates and immunfluorescence analysis we revealed peripheral membrane association of HP1542 mostly pronounced near mid-cell. Interestingly our results indicate that H. pylori bactofilin does not contribute to cell wall stability. This study might act as a starting point for biophysical studies of the H. pylori bactofilin biology as well as for the investigation of bactofilin cell physiology in this organism. Importantly, this study is the first biochemical analysis of a bactofilin in a human pathogen.
Introduction
In recent decades, bacterial cell biology has seen great advances including the discovery of novel cytoskeleton proteins exclusively found in bacteria [1] . A recent addition to these bacteria-specific cytoskeletal proteins are the so-called bactofilins [2] . These small proteins are widespread among most bacterial lineages and involved in a variety of different cellular processes. They are defined by the presence of a central conserved domain of unknown function (DUF583) [3] and flanking N-and C-terminal regions of variable length and sequence, which are often highly charged. A further characteristic of bactofilins is their ability to polymerize spontaneously in the absence of nucleotides or other cofactors [2] . Therefore, these proteins have been proposed to assemble at distinct subcellular sites, serving as multimeric scaffold for a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 the assembly of other proteins. It is supposed that the majority of bactofilin homologues are soluble, except for some enterobacterial orthologs [4] that contain an N-terminal transmembrane region, with the DUF583 domain being located in the bacterial cytoplasm. However due to the spontaneous formation of polymers recombinant protein production often leads to an insolubility of bactofilin polymers, which makes them difficult substrates for crystallographic studies as well as conventional liquid-state nuclear magnetic resonance (NMR) methods. Therefore, considerable attention has been given to this class of cytoskeletal proteins as target for a combination of solid-state NMR and electron microscopy [5] . This technique revealed that the bactofilin BacA of Caulobacter crescentus adopt a β-helical architecture, which has not been observed before for any other cytoskeletal filaments [5] [6] [7] [8] . Additionally the DUF583 domain of the same bactofilin was structurally analysed by combining a molecular force field with experimental NMR backbone chemical shifts and amino acid contacts obtained by sequence variation [8] . Interestingly, the results of the studies differ in the mode of orientation of the rigid β-helical core, and it is therefore still unclear whether the protein adopt a lefthanded or a right-handed orientation [5, 8] . In addition, although this structure has not been reported in other bacterial cytoskeletal filaments, it is similar to that of the fungal prion protein HET-s, which belongs to the class of amyloid proteins [9, 10] . Despite this recent gain of information, the precise cellular function of the bactofilin structures in most organisms is still unknown. Furthermore, the description of the cellular functions reported so far are quite diverse. The first discovered member of this family, the protein CcmA of Proteus mirabilis, has been implicated in cell shape and swarming motility [11] . In C. crescentus and in Myxococcus xanthus, it is supposed that bactofilins recruit other proteins to specific subcellular sites. As such the two bactofilin paralogs BacA and BacB of C. crescentus assemble into membrane-associated polymeric sheets, specifically localized to the cell pole carrying the stalk-a thin protrusion of the cell body involved in cell attachment and nutrient acquisition [2] . As both proteins co-localize with PbpC (Penicillin-binding protein C), a peptidoglycan synthetase, a role in the stalk biogenesis was suggested [2] . In M. xanthus one of its bactofilin homologs, BacP, assembles into short filamentous structures that emanate from the cell poles, recruiting and thus controlling a small GTPase involved in type IV pili-dependent motility [12] . Whereas the two bactofilins found in C. crescentus co-polymerize and seem to share a common function, many species produce multiple paralogs displaying clearly distinct roles. Thus, for instance, the four bactofilin paralogues of M. xanthus, (BacMNOP) harbour distinct functions. Upon the deletion of genes encoding for BacN, BacO, or BacP, cell morphology was found to be normal, while the lack of BacM was shown to be critical for proper cell shape [1] . Recently, a study demonstrated that BacNOP restrain the ParABS chromosome segregation machinery to the subpolar regions of the cell and are therefore involved in proper nucleoid morphology and chromosome segregation [13] . In Shewanella oneidensis the protein fusion of SO1662 with mCherry, which is the only bactofilin identified in this organism, assembled as a fluorescent band at midcell suggesting a possible involvement in cell division [2] . In Bacillus subtilis it was shown, that the two bactofilins, BacE and BacF, assemble into defined size assemblies that show a dynamic localization pattern and play a role in flagellar assembly [14] .
Very recently in Leptospires five bactofilin homologs have been identified of which one contributes to the periodic spacing of the cell helix, the integrity of the cell wall, and to motility [15] . Thus, although bactofilins may be versatile scaffolds recruiting and localizing proteins to specific cellular locations, the subcellular positioning and function of bactofilins appears to vary significantly depending on the host organism.
Helicobacter pylori is a Gram negative, highly motile, microaerophilic, spiral-shaped organism, which belongs to the class of the epsilon proteobacteria. The natural habitat of this pathogen is the human gastric mucosa and infection of humans results in persistent gastritis, which can develop into peptic ulcer disease and adenocarcinoma [16, 17] [18] . Thereby many factors determine the type and severity of diseases e.g. the status of the host's immune system, the pathogenicity of H. pylori strains, and the presence of environmental factors (diet, stress, hygiene level, or the presence of co-infections) [19] . Within these, the helical cell shape is an important feature required for cells to efficiently reach and colonize the gastric mucus [20] [21]. Mutants displaying a rod shaped phenotype were attenuated in stomach colonization [22] and motiliy [23] . In H. pylori, cell shape maintenance is apparently controlled by at least two unrelated mechanisms that operate at two levels: peptidases influence cell shape by causing peptidoglycan relaxation [22] [24] and four so called coiled-coil-rich proteins (Ccrp) depicting cytoskeleton elements influence cell shape most probably by composing an intracellular scaffold [23, 25] . In contrast to the situation in many other bacteria cell morphology in H. pylori is not influenced by the actin-like protein MreB [25] . In addition one bactofilin homologue was identified, which was found to be important for cell shape maintenance of the characteristic helical cell shape [22] . Infection of mice demonstrated that the H. pylori bactofilin deficient mutant was strongly outcompeted by wild-type bacteria, identifying the H. pylori bactofilin as an important pathogenicity factor. However like all bactofilins studied so far the H. pylori bactofilin appears not to be essential for survival of the bacteria itself, indicating that the cells either possess other proteins with redundant functions, or that these proteins are involved in non-essential processes, or both. However, whether the single H. pylori bactofilin indeed exhibits biochemical properties of bactofilins and forms a cytoskeleton in this bacterium and, if so, how this putative cytoskeleton is involved in helical cell shape was still unclear. We thus sought to characterize the biochemical properties of the single bactofilin HP1542 in vitro and investigate its localization in vivo. As such our results provide the first insights into assembly properties and localization of HP1542 and may thus act as a starting point for the investigation of bactofilin cell physiology in this pathogenic organism as well as for designing targeting molecules.
Material and methods

Bacterial strains and growth conditions
Bacterial strains are listed in Table 1 . H. pylori strains were routinely cultivated on Dent blood agar in a microaerobic atmosphere as described earlier [26] . Growth experiments were performed in Brucella broth with 5% fetal calf serum (BBF). All growth experiments were performed in triplicate and were repeated at least three times. E. coli strains were grown aerobically at 37˚C in Luria-Bertani medium. When appropriate, growth media were supplemented with 50 μg/l ampicillin, 20 μg/l kanamycin or 20 μg/l chloramphenicol respectively. Ellipsoid testing was performed according to the manufacturer's instructions.
DNA techniques and mutagenesis of H. pylori
Restriction and modifying enzymes (New England Biolabs, USA) were used according to the manufacturer's instructions. Cloning was performed in E. coli according to standard protocols. Plasmids were isolated with a QIAprep Spin Miniprep Kit from Qiagen (Qiagen, Hilden). To generate plasmids pASK7_1542, pASK7_1542_ and 1542_ 112-411 the coding sequence of H. pylori strain 26695 was amplified using the primer pairs listed in Table 1 and cloned via the BsaI restriction sites added as 5'-extensions into plasmid pASKIBA-7 (IBA, Göttingen). To generate plasmid pET24d-Hp1542-6HC the coding sequence of H. pylori HP1542 was cloned into the pET24d(+) vector (Novagen) at the NcoI/BamHI sites. The C-terminal His 6 -tag fusion was achieved using primer extensions.
The isogenic H. pylori HP1542 deletion mutant were constructed as described earlier [25, 26] . Briefly, the resistance marker gene (Pneo) was fused to upstream and downstream DNA regions of mutagenized genes by using a modified version of the megaprimer PCR protocol [30, 31] and primers listed in Table 1 . Subsequently marker exchange mutagenesis of H. pylori was performed according to standard procedures [32] . H. pylori mutants carrying the resistance genes inserted into the chromosome were selected by growth on Dent blood agar containing kanamycin at concentrations of 20 mg/l. The correct insertions were verified by PCR and sequencing.
Production and analysis of recombinant proteins
Recombinant versions of the H. pylori HP1542 protein with different tags fused to the N-terminus were produced in E. coli using either the Streptag protein expression system from IBA (Göttingen, Germany) or the IPTG inducible pET system from Novagen. Both systems were used according to the manufacturer's instructions (http://www.iba-go.de, http://www. merckmillipore.com). Briefly, the plasmids were transferred to E. coli BL21 (DE3) (Novagen) and expression was induced with 0.2 mg/l anhydrotetracycline and 1 mM IPTG respectively. After cell lysis by a Microfluidizer (M110-L, Microfluidics), cell debris was removed by highspeed centrifugation. Recombinant proteins were purified to homogeneity on a Strep-Tactin column or by Ni-ion affinity respectively. Further purification and analysis were achieved via size-exclusion chromatography using either a Superose 6 10/300GL column (Tricorn), a Superdex 200 10/300 GL, Superdex 200 Increase 10/300 GL or a Superdex 75 Increase 10/300 Atomic force microscopy. AFM images were taken in tapping mode in liquid at room temperature with a MultiMode VIII AFM equipped with a Nanoscope 8.0 controller (Bruker Nano Surfaces Division) using SNL cantilevers (k = 0.12 N/m, f 0 = 23 kHz, Bruker). Protein samples in different imaging buffers (300 mM KCl, 10 mM Tris-HCl, varying pH) were allowed to adsorbe onto freshly cleaved mica or HOPG surfaces as substrates, respectively. Prior to incubation the chosen substrate was glued onto a round metal disk which was magnetically fixed onto the AFM scanner (PicoForce scanner, Bruker). Before the MultiMode measuring head equipped with a liquid cell (Bruker) and the cantilever was put onto the stage, additional imaging buffer was applied to the liquid cell between cantilever and glass body to prevent formation of gas bubbles close to the cantilever. Afterwards, the whole systems was allowed to reach thermal equilibrium (30 mins.) before taking images. Image processing was performed with NanoScope Analysis V1.90R1 software package.
Cell fractionation studies of cell lysates. Cell fractionation studies were performed as described earlier [2] . Briefly, membrane vesicles isolated from wild-type 26695 were incubated for 1 h in 100 mM NaCO 3 and pelleted by ultracentrifugation. Samples from the crude protein extract, the total membrane fraction, the supernatant as well as the pellet obtained after centrifugation were analyzed by immunoblotting using anti-HP1542 and anti-CagT antibodies.
Cross-linking assay. For cross-linking HP1542 in vitro, 10 μl of glutaraldehyde dilutions ranging from 10% to 0.01% were added to 90 μl of the strep-tagged protein and incubated for 10 min at 23˚C. The reaction was stopped by adding 20 μl Tris 0.5 M (pH 7). 20 μl of each sample was directly analyzed by SDS-PAGE and immunoblotting.
Circular dichroism (CD). CD-spectroscopy was performed with a Jasco J-810 spectrophotometer. Samples were prepared in 25 mM Tris buffer with varying pH-values. CD-spectra were measured in the range from 250-190 nm with a scanning speed of 50 nm/min and standard sensitivity of 100 mdeg, using a 1 mm rectangular quartz cell. Data points were subtracted from a background reading of the buffer, and the molar ellipticity was calculated. Data are presented as the molar ellipticity (deg cm 2 /dmol) at each wavelength (nm). ESI-TOF-MS. Size exclusion purified proteins were dialysed against 100 mM ammonium acetate (pH 7.6). Subsequently, samples were infused through the instruments internal sample syringe. Positive ions within the mass range of 500-12.000 m/z were detected. Data were acquired in manual mode without automatic mass drift correction. Averaged spectra were deconvoluted after baseline subtraction and eventually smoothing using MassLynx instrument software with MaxEnt1 extension. Proteinase K digestion. Purified Strep-HP1542 (2 mg/ml) were incubated in present of increasing concentrations of Proteinase K (0.0000001-1 mg/ml; Sigma) for 10 min at 37˚C. The reaction was stopped by boiling the samples in SDS-sample buffer at 95˚C for 10 min. Subsequently, the samples were directly analyzed by SDS-PAGE and Coomassie staining.
Spin down assays. Spin down assays were performed as follows: 40 μl of purified protein fractions in buffer were centrifuged at 13000 rpm in a bench centrifuge and split in two fractions: the upper 20 μl were defined as soluble fraction and the remaining 20 μl were defined as pellet fraction. SDS sample buffer were added and equal volumes of supernatant and pellet were subjected to SDS PAGE analysis.
Western blotting. Western Blotting were performed using either Strep-Tactin HRP conjugate (IBA, Göttingen), or anti-Strep (BIO-RAD) and anti-His (Roche) antibodies in combination with a second anti mouse-HRP conjugate (Sigma-Aldrichs) or anti-1542 peptide antibody (Davids Biotechnology, Regensburg) in combination with a second anti rabbit-HRP conjugate (Sigma) respectively. 20 μg of protein verified by Bradford tests were subjected to gel electrophoresis and successively blotted on nitrocellulose membranes. Bound antibodies were detected with enhanced chemiluminescent (ECL) detection reagents as substrates followed by incubation for 2 min and chemoluminescence detection with ChemiDoc MP System (BIO-RAD).
Zonal sedimentation analysis. Size exclusion purified proteins were applied to a 9 ml sucrose gradient (5-15%) in buffer W (100 mM Tris (pH 8), 150 mM NaCl). Centrifugation was performed using the Beckman Coulter Optima XPN-80 ultracentrifuge with a SW40Ti swing rotor and centrifuged for 16 h at 38.000 x g and 4˚C. The gradients were fractionated from the top into 0.5 ml aliquots. Samples from each fraction were analyzed by 12% SDS-PAGE. For calibration curves, the protein standard (BioRad) containing a mixture of thyroglobulin (670 kDa, 19S), bovine gamma-globulin (158 kDa, 7.4 S), chicken ovalbumin (44 kDa, 3.5 S), equine myoglobin (17 kDa, 2.0 S), vitamin B 12 (1.35 kDa) were used. Native weight was calculated according to the equation M = 3.909S x Rs (Stokes radius, nm).
Electron microscopy
Carbon coated copper grids (400 mesh) were hydrophilized by glow discharging (PELCO easiGlow, Ted Pella, USA). 5 μl of a protein suspension with a concentration of 15 μg/ml was applied onto the hydrophilized grids and stained with 2% uranyl acetate after a short washing step with H 2 Obidest. Samples were analyzed with a JEOL JEM-2100 transmission electron microscope using an acceleration voltage of either 80 or 200 kV. For image acquisition a F214 FastScan CCD camera (TVIPS, Gauting) was used.
Immunofluorescence
Immunofluorescence of H. pylori cells was performed as described earlier [23, 26, 33] with the following modifications: anti-1542 antibody (different dilutions) was used as primary antibody, which was detected by the secondary antibody goat anti-rabbit Alexa Fluor 488 (Invitrogen) (1:100). Fluorescence microscopy was performed on a Zeiss Axioobserver Z1 microscope using a 100× objective with a numerical aperture of 1.45. Images were acquired with a digital Cascade electron microscopy charge-coupled-device (EM-CCD) camera (Photometrix). Image analysis was performed using BacStalk [34] .
Testing of cell wall integrity
Ampicillin and Amoxicillin sensitivity was determined by plating 200 μL of overnight culture on agar plates lacking antimicrobials and applying E-test strips (AB Biodisk). Plates were incubated for 2-3 days and read according to the manufacturer's instructions. Lysozyme killing assays were peformed as described in Wang et al. [35] . Briefly, H. pylori cells grown on agar plates to late log phase were suspended in PBS (phosphate-buffered saline) to a concentration of~10 9 cells/ml. Upon addition of lysozyme (final concentration of 30 mg/ml), the cell suspensions were incubated at 37˚C under 2%O 2 with shaking. Samples were then removed at various time points (0, 2, 4, and 6 h), serially diluted, and spread onto DENT agar plates. Colony counts were recorded after 4 days of incubation in a microaerobic atmosphere at 37˚C. Hyperosmolarity experiments were performed by comparing the growth of the wild type versus HP1542 deletion mutant in triplicate cultures with and without addition of sodium chloride in two independent experiments as described elsewhere [36] .
Results
The bactofilin HP1542 of H. pylori is a soluble protein, which eluted as monomer from size exclusion chromatography
In order to obtain insights into the biochemical properties of the single bactofilin in H. pylori, we purified the protein HP1542 of the reference strain 26695 as N-and C-terminal tagged versions. Although it was previously published that the H. pylori bactofilin forms high-molecular aggregates when overexpressed in E. coli [37] in our hands HP1542 could be purified as a soluble protein under standard conditions. This was demonstrated on SDS-PAGE by using either a N-terminal Strep-tagged ( Fig 1A) or a C-terminal His 6 -tagged version of HP1542 ( Fig 1B) and could be verified via Western Blotting (Fig 1C) . Further analysis using size exclusion chromatography (SEC) and different columns revealed that most HP1542 eluted in the monomeric form as demonstrated in Fig 2 for the Strep-tagged version by a single peak at about 15 to 17 ml (Fig 2) , which corresponds to the size of Myoglobin (17kDa) of the gel filtration standard. This result is in good agreement to the calculated molecular mass of about 16 kDa, including the fusion tags (16.35 kDa for Strep-tagged version and 15.39 kDa for the His 6 -tagged version). In addition HP1542 was also found in the void volume. To confirm the molecular mass of the purified Strep-tagged HP1542 the corresponding SEC sample was analyzed with the help of electrospray-ionization time-of-flight mass spectrometry (ESI-TOF MS) after dialysis against 100 mM ammonium acetate. In a variety of studies it has been demonstrated that noncovalent protein complexes such as protein oligomers and protein-ligand complexes can be detected by using this method [38] . S1 Fig illustrates the deconvoluted electrospray mass spectrum of Strep-HP1542 demonstrating the mass of 16220 Da with very few additional masses present.
As such the mass of 16220 perfectly matches the calculated mass of Strep-HP1542 without the starting methionine (16351.71 Da-131 Da = 16220 Da). This result shows that the purified Strep-HP1542 was highly pure and remained its monomeric character even after dialysis.
HP1542 is able to polymerize spontaneously in the absence of nucleotides or other cofactors
A characteristic of bactofilins is their ability to polymerize spontaneously in the absence of nucleotides or other cofactors [2] . Therefore, we additionally carried out analytical ultracentrifugation, a powerful tool for the characterization of protein self-association. Accordingly, purified Strep-HP1542 was subjected to sucrose gradient ultracentrifugation, the distribution in the gradient was analyzed by SDS-PAGE and compared with that of marker proteins in the same approach (Figs 3 and 4) . Interestingly Strep-HP1542 was most prominently visible in fractions corresponding to proteins of higher molecular mass (Fig 3) . No clear signals were found in fractions belonging to Myoglobin (17kDa). HP1542 was also found in the fraction coinciding to the highest molecular weight proteins standard protein thyroglobulin (670 kDa).
The same results were obtained using HP1542-His 6 . To further dissect the oligomeric state of the H. pylori bactofilin we performed protein cross-linking experiments using glutaraldehyde. Exposure to glutaraldehyde in the range of 0.1% resulted in the appearance of clear signals at an apparent molecular mass of 32 kDa and 48 kDa respectively, which could be interpreted as possible cross-linked dimeric and trimeric species (Fig 4A) . Additionally a diffuse signal at an apparent molecular mass of more than 170 kDa resembling a higher-ordered oligomeric structure was visible at glutaraldehyde concentrations of 1%. As these cross-linking experiments were performed with elution fraction containing the higher molecular band proved to be the Hsp70 chaperon, we confirmed the existence of HP1542 oligomers via western blotting ( Fig  4B) . Our results demonstrate that HP1542 is able to undergo stepwise oligomerization indicating that HP1542 like other bactofilins is able to polymerize spontaneously in the absence of nucleotides or other cofactors.
To get an idea of the time needed for oligomerization purified HP1542 was subjected to low-spin centrifugation (13,000 rpm). As no clear pellet was visible after this kind of centrifugation, we split the sample in two equal fractions: the upper one was taken out and defined as soluble fraction and the remaining one was defined as gel-like pellet fraction (Fig 5) . Thus almost same amounts of protein were found in freshly purified samples indicating the existence of complete solubility (Fig 5A) . However, the amount of protein shifted towards the gellike pellet fraction during the next days (4˚C, without shaking). No clear reproducible time dependency could be observed indicating more influencing parameters. Likewise no clear correlation between protein concentration and oligomerization could be found (Fig 5A) . This behavior was also unchanged in a wide range of different buffer systems (Tab.2 and Fig 6A) indicating robustness and polymerization independence from cations as it was seen for other bactofilins [2, 7] . Solely addition of 1 M urea restored the solubility of HP1542 without denaturing the protein as demonstrated via electron microscopy (Fig 6 and see below) .
In addition we subjected the purified HP1542 to electron microscopy. Interestingly, irrespective of sample age and despite eluting as a monomer from SEC, HP1542 formed extended filamentous structures in vitro, in the absence of any added cofactor and independent of the buffer system used (Figs 5 & 6) . In particular 2D crystalline assemblies were the most abundant higher ordered structures in the sample (Figs 5 & 6) . These assemblies demonstrated an amazing regular ribbon-like pattern that seemed to be composed of very regular ordered subunits. This kind of pattern was also observed for BacA form C. crescentus and described as a woven The Helicobacter pylori bactofilin-homolog HP1542 carpet-like pattern with a distance between two adjacent "knots" of 5.6 nm [5] . Thus we also measured the "knots" distances of the HP1542 woven carpet-like pattern in several images. The measured average distance of about 5 nm confirmed the visual similarity. Notably BacA of C. crescentus and HP1542 share only a very low sequence similarity of 24% (analyzed via NCBI BLASTP (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins)) despite of both having the characteristic bactofilin domain (DUF583) ( S2 Fig) . By comparing the electron microscopy images of the two tagged protein versions of purified HP1542 we noticed that these 2D assemblies were clearly more observed in solution of Strep-1542 rather HP1542-His (Fig 5B vs 5C) . In order to rule out that these structures might be artificial caused by the protein tag, we cleaved the Strep-tag of Strep-HP1542 by using factor Xa. Subsequent electron microscopy images clearly demonstrated that the observed 2D crystalline structures were most prominent without any tag (Fig 5D) . Thus this result suggests that the His 6 -tag exerts a negative influence on the assembly properties. With respect to this result, we focused on Strep-HP1542 during further investigations.
A closer inspection of these 2D structures revealed that the 2D sheets most likely are built of protofilaments of about 3 nm in width, which were seen next to the crystalline arrays (Fig 5  6B arrow) . Visually, protofilaments show a high propensity to interact laterally, thereby forming these large assemblies. Interestingly, the same diameter was observed for both BacA and BacM [2, 5, 7] depicting similarity of bactofilins. However, it was not possible to define a typical length by measuring the length of these filaments suggesting that there is no favorite oligomeric state of HP1542 before assembling into 2D sheets.
Interestingly, the structure of the HP1542 protein sheets appears amazingly symmetric (Fig  5) , which is why we further analyzed the electron microscopy images with the ANIMETRA CRYSTALS software package (release 1.1; ANIMETRA). Correlations averaging of electron The Helicobacter pylori bactofilin-homolog HP1542 (Fig 5E) .
To gain further insights in the architecture and the biophysical properties of the HP1542 polymeric sheets at nanometer resolution, we applied the purified Strep-HP1542 protein to atomic force microscopy (AFM). AFM is a versatile tool that allows imaging of the sample surface with nanometer resolution and also to determine the flexibility or elasticity by using force spectroscopy. Unfortunately, although testing different settings it was not possible to achieve nanometer resolution as protein subunits seem to spread upon contact via tapping mode with the cantilever. However, larger assemblies could be visualized and demonstrated an average height of about 5 nm of the polymeric protein structure suggesting a single or double protein layer rather than a multilayer (Fig 5F) . Furthermore force distance measurements using PeakForce Tapping (PFT, Bruker) revealed that even analysis with a force of as low as 10 pN gave no reliable results as the HP1542 polymers tend to stick to the cantilevers used. However, the analysis of the biophysical properties of these amazing protein sheets by using AFM will be subject of our ongoing studies.
Lateral interactions of BacM filaments were reported to be disrupted by the presence of anionic glycine [7] . However addition of 20 mM glycine did not change the HP1542 2D crystalline structures. Likewise cations were known to influence the assembly of a lot of polymer forming proteins like self-assembling intermediate filaments [39] . Thus we wished to analyze whether there is any ion-specific control of the self-assembly dynamics of the 2D crystalline protein sheets of HP1542. Purified HP1542 was subjected to dialysis to different conditions (listed in Table 2 ) and further analyzed by both low-spin centrifugation (13,000 rpm) and electron microscopy. In addition different pH values ranging from pH 5 to pH 9.5 were considered taking the calculated pI of pH 6.2 of HP1542 into account. Notably, despite its habitat in the human stomach H. pylori is a neutralophile bacterium with near neutral pH of the cytoplasm [40] . However neither addition of NaCl, KCl, Ca 2 Cl, MgCl nor any shift in the pH value tested, had any effect on solubility or 2D sheet assembly (Fig 6A and Table 3 ). In addition simultaneous supplementation of 50 mM arginine and glutamine which were known to effectively act in preventing protein aggregation and precipitation had no influence on sedimentation (Fig  6A lowest panel) . Solely by addition of urea at the lowest of 1 M, HP1542 was found shifted to complete solubility (Fig 6A) whereas 2D sheet assembly remained largely unaffected. These results indicate that the observed 2D protein sheets of HP1542 were resistant to a number of treatments.
Next we aimed at analyzing the functional importance of the N-and C-terminal region of HP1542 concerning their in vitro assembly. We produced Strep-HP1542 as N-terminal truncated version beginning with DUF domain (HP1542 112-411 ) and as C-terminal truncated version ending with the DUF domain (HP1542 ). Whereas overexpression of HP1542 112-411 failed due to proteolysis, HP1542 1-339 could be purified as a soluble protein under standard conditions. Size exclusion chromatography (SEC) using a Superdex 200 Increase 10/300 GL column (GE Heathcare) revealed that HP1542 1-339 eluted at 11 ml, 14.5 ml and 17 ml corresponding to the size of about 158 kDa, 44kDa and 17 kDa respectively. No HP1542 1-339 protein was found in the void volume. The monomeric fraction represented the smallest peak. Thus these results demonstrate that HP1542 1-339 like the entire HP1542 is able to undergo stepwise fraction (S) and the remaining one was defined as pellet fraction (P). Right: coomassie-stained SDS-PAGE of the spin-down assays with decreasing protein concentrations of aggregated Strep-HP1542; (B-D) Transmission electron microscope (TEM) images of purified Strep-HP1542 in high (B, large image) and low magnification (B, small image), of purified HP1542-His (C) and of purified HP1542 without tag (D). (E) Example of symmetry determination of a unit cells via correlation averaging using the ANIMETRA software. (F) Atomic Force microscopy (AFM) topographic image of HP1542 assembled on mica. A height scale bar is shown to the right. Scale bars of all microscopic images are 100 nm.
https://doi.org/10.1371/journal.pone.0218474.g005
The Helicobacter pylori bactofilin-homolog HP1542
Fig 6. Evaluation of 2-D crystalline protein assembly of HP1542. (A) Evaluation of aggregation and 2-D crystalline
protein assembly of recombinant Strep-HP1542 in low spin-down assays (left panels) and with electron microscopy (right oligomerization. Next we subjected HP1542 1-339 to low-spin centrifugation. Just as the entire HP1542 almost same amounts of HP1542 were found in freshly purified samples indicating the existence of complete solubility (Fig 6B left upper corner) . Subsequently we subjected the purified HP1542 1-339 to electron microscopy. Interestingly various single filaments of approx. 3 nm widths as well as filament bundles were seen (Fig 6B) . Furthermore no clear 2D crystalline arrangement could be observed (Fig 6B inlet) . Together, these results suggest that the C-terminal domain of HP1542 is essential for 2D sheet assembly.
Circular dichroism of purified HP1542 sheets confirms the predominately parallel β-sheet structure
By using different protein structure prediction tools like SAS (https://www.ebi.ac.uk/ thornton-srv/databases/sas/) (Fig 7A) or AMPHIPASEEK (https://npsa-prabi.ibcp.fr/cgi-bin/ npsa_automat.pl?page=/NPSA/npsa_amphipaseek.html), at least one small α-helix at the Cterminus was predicted. In comparison, the pioneer method of protein secondary structure prediction via Chou-Fasman-algorithm resulted in the same amount of α-helices and β-sheets [41] , performed on http://capito.nmr.leibniz-fli.de/index.php). Circular dichroism (CD) is an excellent tool for determination of the secondary structure and folding properties of proteins. Thus, we further characterized the structure of the H. pylori HP1542 bactofilin protein sheets of purified Strep-1542 by circular dichroism (CD). The recorded CD spectrum indicated a minimum at 218 nm (Fig 7B) that is characteristic for a β-sheet-only structure [42] likewise seen for BacM [7] . No clear resemblance to both the control CD spectra of the α-helical references Poly-L-Lysin (Fig 7B) at pH 12 [42] and the CD spectra of Myoglobin were observed. The calculation of percentages of secondary structures was performed using the webtool K2D3 (http://www. ogic.ca/projects/k2d3. [43] ). As such, the CD spectra indicated the existence of 2.68% α-helices and 36.49% β-sheets at pH 7.4. At pH 5.8 the amount of α-helices shifted to higher percentages (Fig 7B, lower part) . Analyses of the calculated value were validated using the webtools CAPITO [44] (http://capito.nmr.leibniz-fli.de/index.php) and BeStSel (bestsel. elte.hu). In all cases the percentages of α-helices were comparable and β-sheets were most pronounced at pH 7.4. panels) after various treatments. Conditions were indicated. (B) Upper panel: Spin-down assay of HP1542 1-339 after purification from E. coli. Pictogram is demonstrating the procedure. Samples were split in two equal fractions: the upper one was defined as soluble fraction (S) and the remaining one was defined as gel-like-pellet fraction (P). Lower panel: transmission electron microscope (TEM) images of purified HP1542 in low (and higher magnification (inlet)) Scale bars 100 nm.
https://doi.org/10.1371/journal.pone.0218474.g006 The Helicobacter pylori bactofilin-homolog HP1542 
HP1542 is not resistant to proteinase K treatment, does not bind thioflavin T and is therefore likely not an amyloid protein
Extended β-helical structures are a characteristic found in amyloid proteins like prion proteins which are associated with severe diseases e.g. the neurodegenerative Alzheimer's disease [45] . However, also a great variety of amyloid proteins with physiological functions such as hormone storage or as structural material are existing [46, 47] . Interestingly it was previously published that the solved ssNMR structure of BacA displayed several similarities to the structure of the prion protein HET-s from the filamentous fungus Podospora anserina in its amyloid state [5] . Despite this reported similarity to amyloid proteins, to our knowledge none of the bactofilins analyzed so far were checked for amyloid characteristics. Therefore we set out to analyze whether HP1542 is an amyloid protein. In fact, one of the typical characteristics of the prion proteins is their at least partially resistance to proteinase K treatment in their amyloid conformation [48] . However treatment of HP1542 with proteinase K resulted in complete digestion of the protein (Fig 7C) . A further defining characteristic of an amyloid protein is the ability to bind certain dyes such as Congo red and thioflavin T [49] . As such we tested the binding of HP1542 to thioflavin T, but no binding could be observed. However the major biophysical method for testing the typical amyloid features is the x-ray diffraction, defining the existence of the critical 4.7A reflection [50] , which is not available for bactofilins so far. Nevertheless despite the tempting hypothesis of HP1542 as a functional amyloid, our results suggest that HP1542 is not an amyloid protein.
H. pylori bactofilin proteins from different strains have the same molecular weight and exist as only one variant in vivo
The bactofilin of H. pylori was firstly identified in strain G27 and classified as CcmA homolog of Proteus mirabilis [11] . Both CcmA of P. mirabilis and BacM of M. xanthus [51] exist in the cells in more than one form. Thus we further analyzed the properties of HP1542 in vivo. Therefore we generated a poly-clonal antibody serum against both recombinant HP1542 protein and synthetically synthesized peptide fragments of HP1542 which were further affinity purified (Davids Biotechnology). As negative control we established the HP1542 deletion in strain 26695 analogous to the deletion generated in strain G27 as published [22] . Subsequently anti-HP1542 immunoblots of total cellular proteins of strain 26695 were conducted demonstrating only one single signal at the apparent MW of the full-length HP1542 (S3 Fig). This results was confirmed for several H. pylori wild type strains like KE, 1061 and G27 (S3 Fig) indicating that HP1542 is not N-terminally truncated like CcmA of P. mirabilis [11] and BacM of M. xanthus [51] . Furthermore our results demonstrate that the bactofilin CcmA of H. pylori strain G27 (G27_HP1480) which was annotated as a protein consisting of 104 amino acids (http://www.uniprot.org/uniprot/B5Z9H3) and thereby would be smaller than the protein HP1542 of strain 26695, has the same size as HP1542. Thus we re-analyzed the DNA sequence of strain G27 and found an alternative ATG start codon at bp position 1607196 of the complement strain [28] . This new start leads to a protein of 136 amino acids which displayed 96.6% sequence identity to HP1542 of strain 26695 analyzed with EMBOSS Needle. https://doi.org/10.1371/journal.pone.0218474.g007
HP1542 is associated and located close to the cell membrane
To obtain information about the intracellular localization of HP1542, we conducted cell fractionation studies of cell lysates of different H. pylori wild type strains using ultracentrifugation. All samples were analyzed by immunoblotting using the anti-1542 antiserum. The integral membrane protein CagT [52] served as control for the fractionation efficiency. HP1542 was released in soluble form under alkaline conditions supporting the notion that it is a peripheral membrane protein [53] . Therefore our result confirm that HP1542 like other bactofilins [2] is found to co-sediment with the peripheral membrane proteins [53] indicating that HP1542 is at least partially membrane-associated (Fig 8) and points to an association with the cell envelope.
To gain more information about the localization pattern of HP1542 in vivo inside the bacterial cell we performed immunofluorescence (IF) microscopy of liquid-grown bacteria (midlog phase; growth-dependent high-energy conditions). Antibody specificity was confirmed by using the generated HP1542 deletion strain (Fig 9A) . Qualitative analysis of images revealed that under these conditions wt cells generally contained different numbers of patches next to the cell membrane (Fig 9A) both at mid cell and at polar positions. In order to specify the localization pattern in a more detailed and statistically way we used the previously published BacStalk [34] software, which is a MatLab-based software tool for quantitatively analysing images of commonly and uncommonly shaped bacteria. Thereby we analysed the fluorescence signals of 2020 cells. As BacStalk automatically detects and separates cells, all individuals cells were verified by eye resulting in a Gaussian distribution of cell length confirming the mid-log growth phase. Using Balkstalk we measured the distance of the brightest spot of all fluorescence signals to mid-cell and compared this to the cell length of the cells. The measured values were taken as absolute values and thus e.g. a fluorescence signal at mid-cell position is pictured The Helicobacter pylori bactofilin-homolog HP1542 as a value of zero in the resulting scatterplot plot (Fig 9B) . Interestingly, no distinct mid-cell localization with a value of zero was found in small cells (below 1 μm). Instead of that small cells were found to exhibit one polar focus or a more or less evenly fluorescence signal distribution (Fig 9C) . Examination of cells length in cells with the brightest focus at a defined midcell localization (= distance between zero and 0.064 μm; n = 101) showed that 56% had a size between 1 and 1.6 μm, 28% and 16% were 1.7 to 2.3 μm and 2.4 to 2.9 μm in size respectively. However, closer inspection of these cells via fluorescence intensity plots revealed that next to the brightest spot at mid-cell location most of the cells displayed additional maxima as indicated by using the BacStalk analysis tool (Fig 9, red lines) . With regard to localization of the brightest spot inside the cells, the overall analysis of all cells revealed that in almost two third of the cells (65%) the brightest fluorescence signal was located next to mid-cell (+/-0.26 μm away from mid-cell) indicating the favor of a mid-cell rather than of a polar localization. As H. pylori shows an asymmetric cell divisome assembly [33] [23], the results suggests that HP1542 might have a function in cell division as it was suggested for the S. oneidensis bactofilin (SO_1662) [2] .
Deletion of HP1542 has no influence on resistance to cell wall-targeting antibiotics or on cell wall integrity
In some organism bactofilins may exert their influence over the cell morphology by contributing to proper peptidoglycan (PG) maintenance. As such, in both M. xanthus and L. biflexa cells, the absence of bactofilins significantly lowered the tolerance to cell wall-targeting antibiotics [51] [15] . Interestingly the bactofilin deficient mutant of H. pylori strain G27 was shown to form an altered global peptidoglycan (PG) profile [22] , which was similar to those observed for the three LytM peptidoglycan endopeptidase homologues (csd1-3). Thus an inviting hypothesis is that the bactofilin form a scaffold that is involved in positioning hydrolases which than modify the degree of PG crosslinking only at specific sites [54, 55] . H. pylori is an important human pathogen of which clinically used antibiotics often target the peptidoglycan biosynthesis enzymes, e.g. Ampicillin and Amoxicillin. H. pylori produces no β-lactamase homolog and resistance to β-lactam antibiotics is mediated by alterations in the penicillinbinding proteins (PBPs), decreased permeability of the antibiotic into the bacterial cell wall, or a combination of the two strategies. Thus, we tested the influence of HP1542 deletion to ampicillin and amoxicillin treatment via ellipsoid-testing. Testing of ampicillin and amoxicillin of both H. pylori wt 26695 and HP1542 deletion mutant resulted in the MIC of 0.125 μg/μl and 0.06 μg/ml respectively indicating no significant influence on tolerance to these cell wall-targeting antibiotics. However H. pylori wt is susceptible to both substances making it difficult to interpret whether the HP1542 deletion weakens cell wall stability. Therefore we examined the lysozyme sensitivity of strain 26695 wt compared to its 1542 deletion mutant. Gram-negative bacteria are not generally susceptible to lysozyme because their outer membrane prevents access of the secreted enzyme to the PG layer [35] . Six hours after the treatment with 30 mg/ml lysozyme about 10 5 viable cells of the wild-type and the HP1542 deletion were counted indicating that the HP1542 mutant is not more sensitive to lysozyme. Cell wall integrity was further assessed by comparing growth of H. pylori wt vs HP1542 deletion strain in hyper-osmotic The Helicobacter pylori bactofilin-homolog HP1542
conditions (10 g/l NaCl) to the standard BBF formulation containing 5 g/l NaCl. Both strains grew to similar high densities in standard media (OD600 2.4+/-0.04 and 2.4+/-0.08 for wt and 1542 mutant respectively) and in hyper-osmotic media (OD600 2.6+/-0.05 and 2.4+/-0.05 for wt and 1542 mutant respectively). Together, the antibiotic and osmotic sensitives of the HP1542 mutant indicate that this bactofilin is not contributing to cell wall stability.
Discussion
By now it is accepted that microorganisms also have well-organized cellular interiors [1] including bacterial cytoskeleton proteins participating in many important physiological functions. Among these, bactofilins are a widespread group of proteins exclusively found in bacteria. In H. pylori, which is an important pathogenic organism, the bactofilin homolog has not been biochemically characterized to date indicating a definite paucity of information. Our work provides the first insight into the properties of H. pylori reference strain 26695 bactofilin homolog HP1542 in terms of protein polymerization, protein stability and aggregation. Furthermore we supplemented our in vitro data with localization studies using zonal centrifugation and immunofluorescence and growth experiments considering cell wall integrity. In contrast to other bactofilin proteins HP1542 could be purified as a soluble monomeric protein which subsequently polymerized spontaneously into predominant 2-D sheets. Importantly 2-D sheet formation was observed to be influenced by the protein tag attached to the protein as sheet formation could rarely be found in purified fractions of His 6 -1542. Furthermore truncation of the C-terminus resulted in soluble polymeric fibers and bundles of filaments and the complete loss of the 2-D sheets. Electron microscopy analysis of purified H. pylori bactofilin without tag clearly demonstrated the authenticity of the sheet-like arrangement. Likewise Vasa et al. reported that purified fractions of C. crescentus BacA additionally contained sheet-like 2-D crystalline arrays [5] . Thereby and together with the results from electron cryotomographic studies of C. crescentus it was suggested that these 2-D crystalline arrays might represent the actual arrangement of BacA polymers in the native context. In addition HP1542 protofilaments of about 3 nm in width comparable to those reported for BacA of C. cresecntus and BacM of M. xanthus were seen next to the crystalline arrays [2, 7] . The complete loss of 2-D arrays in the C-terminal truncated version of HP1542 clearly demonstrates that the C-terminus of HP1542 is essential for sheet assembly but dispensable for filament polymerization. Likewise the C-terminus of BacM contributed to the stability of the fiber, and the lateral packing of filaments. (Zuckerman) . As such a plausible way of HP1542 2-D sheet generation is that the H. pylori bactofilin firstly built up protofilaments, which than further self-assemble with contribution of the C-termini into 2-D sheets. However there will be further studies needed to clarify the way of contribution of the C-terminus as well as to analyze its role in vivo inside the bacterial cell. Unfortunately, neither time nor buffer condition influencing the polymerization process of HP1542 could be identified. While this result is per se unsatisfactory, it is in line within the literature demonstrating the robustness of bactofilins, e.g. as observed for M. xanthus BacM [7] . However unlike BacM the polymerization of HP1542 was not influenced by pH values and does also polymerize at any NaCl concentration tested. Furthermore addition of 20 mM glycin, which disrupted the lateral interactions of BacM [7] conducted no obvious change within the 2-D crystalline structures. In M. xanthus BacM polymerization even occurred in the presence of chaotropic agents such as one molar urea. Addition of one molar urea to polymerized HP1542 resulted in the restoration of complete solubility despite remaining 2-D assemblies as seen in electron microscopy. Next, atomic force microscopy analysis confirmed the existence of extended crystalline arrays. Interestingly all 2-D structures measured had an average height of about 5 nm suggesting a single or double protein layer rather than a multilayer. In our hands it was not possible to achieve nanometer resolution as protein subunits seem to spread upon contact via tapping mode with the cantilever at least at the present stage. Thus despite the extraordinary stability of 2-D structures in terms of different environmental conditions, the lateral stability according to physical pressure during the atomic force microscopy measurements is weak. Further experiments are required to characterize the mechanical properties of these amazing 2-D crystalline arrays. In addition symmetry of proteins structures is an important feature that has been associated with protein function, evolution and stability [56] . The HP1542 2-D structures observed via electron microscopy gave the impression of a periodical arrangement or a lattice. Using the software package ANIMETRA CRYSTALS, which acts via discrete Fourier transformation, we were able to define that the protein sheet most likely exhibits simple p2 symmetry. Taking into account that the DUF583 domain of bactofilins exhibit a triangular hydrophobic core structure [5, 7] , p2 symmetry results in an oblique lattice composed of scalene triangles. Analysis of Circular dichroism spectra of the purified H. pylori bactofilin confirmed the prominent β-helical secondary structure of HP1542, which was most pronounced in neutral pH.
In previous studies it was reported that the DUF583 domain assembles in a β-helical fold, which has not been reported by any cytoskeletal filament protein so far. Nevertheless, the motif itself was known before and firstly found in the bacterial pectate lyase in 1993 [57, 58] . Interestingly it was also reported that the solved ssNMR structure of C. crescentus BacA bears structural similarities to that of the fungal prion protein HET-s in its amyloid state [5] . The HET-s fibril is a left-handed β-solenoid with each protein molecule forming two helical turns [10] by which multilayer formation of two layers was reported for HET-s(218-289). In addition synthetically engineered β-solenoid proteins were shown to be extraordinarily stable toward organic solvents, urea, and pH extremes and temperature [59] . However despite sharing some structural and biochemical properties with amyloid proteins, the HP1542 bactofilin was neither resistant to proteinase K digestion nor stainable with thioflavin T which is often used for identifying amyloid fibrils both in vivo and in vitro [60] . Thus our data suggest that the H. pylori bactofilin does not belong to the family of amyloid proteins.
Biology of bactofilins is still largely unexplored [4] . In H. pylori the bactofilin homolog was identified as homolog of CcmA of P. mirabilis [22] . In this previous study H. pylori cells lacking the bactofilin were shown to lose their helical shape and increase the peptide crosslinking in the peptidoglycan sacculus. Likewise cell morphology of P. mirabilis and M. xanthus were affected by the loss of bactofilins [51] [11] . Intriguingly, both CcmA and BacM exist in a fulllength and an N-terminally truncated form. Contrarily, our results demonstrate that H. pylori contain only one variant of its bactofilin in vivo. Interestingly, despite the known heterogeneity of H. pylori strains, all bactofilin proteins analyzed from different strains displayed the same molecular weight. Moreover this was also true for the bactofilin protein CcmA of H. pylori strain G27 (G27_HP1480) which was annotated as 104 amino acid protein before [28] . Reanalyzing the DNA sequence revealed an alternative start resulting in a 136 amino acid protein thereby confirming the identical size of H. pylori bactofilins.
Cell fractionation experiments revealed that HP1542 partitions with the membrane-associated proteins as do bactofilins in L. biflexa. C. crescentus and P. mirabilis [2] [11] [15] . Previous results supported the connections between PG synthesis, cell shape and intermediate filament proteins in curved organisms [55] [51] [61] . As such the localization of a peptidoglycan synthase involved in pole morphogenesis [2] was influenced by the two bactofilin paralogs in C. crescentus. In L. biflexa one bactofilin mutant displayed a significantly impaired ability to cope with both osmotic stress and cell wall-targeting antibiotics. In addition, absence of BacM leads to an increased sensitivity to antibiotics targeting cell wall biosynthesis [51] . In a previous study it has been shown that H. pylori cells devoid of the bactofilin homolog displayed an increase in peptide crosslinking in the peptidoglycan sacculus [22] . However in contrast to LbbD and BacM deficient mutants of L. biflexa and M. xanthus respectively, in H. pylori absence of HP1542 did not increase the sensitivity to antibiotics targeting cell wall antibiotics. Both the bactofilin deficient mutant and the H. pylori wt showed identical antimicrobial susceptibility for two beta-lactam antibiotics. Additionally, lysozyme treatment resulted in the same amount of survived cells indicating the deletion of HP1542 did not weaken cell wall integrity. Likewise the ability to cope with osmotic stress was the same as both H. pylori wt and the HP1542 deletion mutant grew to similar high densities in hyper-osmotic conditions. Interestingly, a previous study tested the sensitivity to antimicrobial peptides, acid, and medically administered amoxicillin in the H. pylori peptidoglycan hydolase Csd1 deficient mutant [22] . This mutant exhibited similar alterations in its peptidoglycan layer as the bactofilin homolog (and as two other LytM peptidoglycan endopeptidases), and it was also stated that cell wall changes produced in these mutants do not appreciably alter cell wall integrity. Nevertheless it is an attractive hypothesis that the morphogenetic effect of bactofilins is generally achieved through the interaction with proteins involved in PG synthesis. In support of this, it was shown recently that the non-enzymatic Csd5 protein of H. pylori strain G27, which also contributes to the helical shape of H. pylori, interact with the bactofilin as well as with a PG precursor synthesis enzyme and the ATP synthase [55] . In this study the existence of a shape promoting protein complex that spans the cytoplasmic membrane and may connect the cell wall in the periplasm with the cytoplasmic cytoskeleton was suggested.
Subcellular localization is one of the main aspects defining protein function. Both epi-and immuno-fluorescence microscopy contributed to the analysis of the intracellular localization of bactofilins. Interestingly, different subcellular distributions of bactofilins were observed in different bacterial species, suggesting that they have adopted a range of different cellular functions. As such BacA and BacB from C. crescentus form a cluster at the stalked cell pole [2] mediating localization of peptidoglycan synthase. Immunofluorescence microscopy showed that BacM of M. xanthus, which is important for proper cell shape maintenance, has a variable localization pattern forming either helical cables that extend throughout the cell or rod-like filaments originating at the cell poles [51] . In addition the three bactofilins BacNOP of M. xanthus co-assemble into extended scaffolds at the cell poles thereby controlling the positioning of the chromosomal origin segregation machinery [4] . The localization pattern of S. oneidensis bactofilin SO1662 is reminiscent of FtsZ localization and therefore clearly points to a role in cell division [2] . In H. pylori immunofluorescence analysis demonstrated that HP1542 localized as subcellular assemblies in different numbers next to the cell membrane both at mid cell and at polar positions. Using the previously published BacStalk [34] software, the quantitative statistical analysis revealed that the brightest fluorescence signal in most cells (65%) was located next to mid-cell indicating the favor of mid-cell rather than polar localization. However the average value of this localization was 0.26 μm whereas a clear mid-cell localization would be depicted as value zero. Taking into account that H. pylori shows an asymmetric cell division assembly [33] , these results suggest a contribution in cell division. Furthermore small cells (<1 μm) usually exhibited one polar focus or a more or less evenly fluorescence signal distribution resembling FtsZ localization in H. pylori [33] [23] . Interestingly H. pylori shows unique cell division profile with polar peptidoglycan synthesis in non-dividing cells and both polar and mid-cell peptidoglycan synthesis in dividing cells [33] . Bacterial cell division and elongation has been studied primarily in E. coli and B. subtilis and carried out by two large and highly dynamic molecular machines, known as the divisome and the elongasome, which both contribute to peptidoglycan synthesis [62] . At present, we cannot explain how bactofilins may contribute to cell morphology and whether the bactofilin in H. pylori is part of the divisom or the elongasome complex or both. Nevertheless the results presented here provide a platform for understanding the intimate co-evolution of morphology and cell division in the human pathogen H. pylori. 
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